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SUMMARY 

An investigation was conducted to determine the electric power 
requirements necessary for ice protection of inlet guide vanes by con- 
tinuous heating and by cyclical de-icing. Data are presented to show 
the effect of ambient-air temperature, liquid-water content, air 
velocity, heat-on period, and cycle times on the power requirements 
for these two methods of ice protection. 

The results showed that for a hypothetical engine using 28 inlet 
guide vanes under similar icing conditions, cyclical de-icing can pro- 
vide a total power saving as high as 79 percent over that required for 
continuous heating. Heat-on periods in the order of 10 seconds with a 
cycle ratio of about 1:7 resulted in the best over-all performance with 
respect to total power requirements and aerodynamic losses during the 
heat-off period. 

Power requirements reported herein may be reduced by as much as 
25 percent by achieving a more uniform surface- temperature distribu- 
tion. A parameter in terms of engine mass flow, vane size, vane sur- 
face temperature, and the icing conditions ahead of the inlet guide 
vanes was developed by which an extension of the experimental data to 
icing conditions and inlet guide vanes other than those investigated 
was possible. 


INTRODUCTION 

' The desirability for all-weather operation of turbojet aircraft 
has necessitated extensive research on methods of icing protection for 
the various engine components. Experience has shown that, in the 
absence of a compressor- inlet screen, the inlet guide vanes of an 
axial-flow turbojet engine constitute the most critical component to 
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be protected from icing. Ice formations on the inlet guide vanes 
seriously affect engine performance by decreasing the compressor effi- 
ciency, by reducing the mass flow through the engine, and by causing 
large pressure losses at the compressor inlet. These factors, which 
reduce the net thrust, increase the specific fuel consumption, and 
increase the tail-pipe temperatures beyond safe operation limits, can 
render the engine inoperative in a matter of minutes in a heavy icing 
condition. 

Icing in the initial stages of compressor blading in current 
engines is deemed of secondary importance to inlet- guide- vane icing 
because icing occurs principally on the leading edges, where ice 
formations are limited in size by mechanical abrasion due to the close 
spacing and relative motion between the rotor- and the stator-blade 
rows. 


Ice formations on inlet guide vanes tend to increase rapidly in 
size at ambient-air temperatures above 10° F. In the temperature 
range of 10° to 32° F, the ice formations at the leading and the 
trailing edges tend to mushroom and if the vanes are closely spaced, 
bridging of the ice formations between adjacent vanes occurs . By use 
of larger size inlet guide vanes with a greater spacing between vanes, 
ice bridging between adjacent vanes can be considerably delayed and 
the icing tolerance of the engine increased. The icing protection of 
inlet guide vanes may be accomplished by heating' the surface of the 
vanes either by use of hot gas or by electrical means. 

An investigation at the NACA Lewis laboratory to determine the 
electric power requirements for inlet- guide- vane icing protection was 
conducted on vanes that were twice the size of vanes in current pro- 
duction engines. The increased size was required to provide for 
adequate instrumentation and is in accordance with current design 
trends. The investigation was made over a range of icing conditions 
to determine the minimum electric power .requirements for icing pro- 
tection by continuous heating of the inlet guide vanes. In addition, 
cyclical de-icing studies were made to determine the possible saving 
in total power by this system of ice protection over the power required 
for continuous heating. An .analysis is included to extend the experi- 
mental results to vane sizes and icing conditions other than those 
studied. 
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SYMBOLS 


The following symbols are used in this report: 
surface area, (sq in.) 

specific heat of dry air at constant pressure, (Btu/(lb)(°F).) 
specific heat of wet air at constant pressure, (Btu/(lb) (°F) ) 
water-collection efficiency of vane 
total-pressure loss, (lb/sq ft) 

convective heat- transfer coefficient, (Btu/(hr)(sq ft)(°F)) 

latent heat of vaporization, (Btu/lb) 

rate of -water interception, (lb/(hr)(sq ft)) 

liquid- water content, (grams/cu m) 

power input, (watts) 

static pressure, (lb/sq ft) 

pressure of saturated water vapor, (lb/sq ft) 

difference between local surface static pressure and free-stream 
static pressure, (lb/sq ft) 

dynamic pressure, (lb/sq ft) 

static-pressure coefficient, 1 - =2 

L 



surface distance, (ft) 
absolute static temperature; (°E) 
static temperature, (°F) 
air velocity, (ft/sec) 
mass air flow, (lb/sec) 
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v veight density of air, (lb/cu ft) 

X Hardy' s evaporation factor . 

Z correlation parameter 

3 local va ter- impingement efficiency 

6 ratio of ambient pressure ahead of vanes to standard NACA ambient 

sea-level pressure 

Subscripts: 

✓ > 

a ambient ahead of vanes 

av average 

cal calculated 

d datum 

exp experimental 

f average of ambient and surface conditions 

i initial condition 

lam laminar 

l local 

s surface 

st standard 

turb turbulent 


APPARATUS AND INSTRUMENTATION 

The electrically heated guide vane was the center vane of a cascade 
of five vanes mounted in a special housing in the 6- by 9-foot test sec- 
tion of the icing research tunnel (fig. l). The walls of the housing 
and the two guide vanes at each side of the center vane were hollow and 
gas-heated to prevent icing. The air flow through the housing was regu- 
lated by remotely controlled flaps at the exit of the housing. 
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Each vane had a chord of 2.37 inches and a total span of 6.12 
•inches, of which 5.90 inches were exposed between the upper and lower 
walls of the housing. The spacing between vanes was 3.12 inches. Only 
the electrically heated vane was aluminum with heating elements and 
guide tubes for thermocouples cast in place. The heating element con- 
sisted of Nichrome wire encased in glass-cloth insulation and covered 
with a copper sheath; the element was in the shape of a hairpin so that 
both ends emerged from the top of the vane. Four heater circuits were 
used in the vane investigated and were spaced as shown in figure 2. 

Each circuit was independently connected to a variable transformer, 
which permitted selective power input to the four circuits. Power input 
to the various circuits was measured with a recording wattmeter. An 
electronic timer was used to regulate the heat-on and heat-off periods 
for the cyclical de-icing studies. Stainless-steel pilot tubes were 
positioned in the vane at the time of casting so that thermocouple wires 
could be inserted. Iron-constantan thermocouples were used and the 
junction peened flush with the vane surface. The thermocouples were 
positioned in a chordwise plane (fig. 2) 3 inches from the top of the 
vane. * 


The instrumented guide vane was insulated from the housing at both 
ends in order to minimize heat exchange between the test vane and the 
gas-heated housing. 

Four electrically heated total -pressure tubes and four static- 
pressure wall taps were installed ahead of the vane cascade to obtain 
the air velocity through the housing. Three shielded thermocouples were 
mounted on top of the housing to obtain the tunnel- test-section tempera- 
ture. 


All- pressure readings were photographically recorded from multitube 
manometers and all temperature data were recorded on a flight recorder. 

EXPERIMENTAL CONDITIONS AND TECHNIQUES 

The average' dry- air heat- transfer coefficient and the minimum con- 
tinuous power input to prevent icing of the electrically heated inlet 
guide vane were determined at air velocities in the housing ahead of the 
cascade of approximately 250 and 450 feet per second. All dry-air and 
icing studies were made with an inlet velocity ratio of 1.0. For the 
dry-air studies, records were obtained of the power input to each heater,, 
the tunnel air and datum temperatures, the vane- surface temperatures with 
and without heating, and the air velocity. These data were obtained at a 
surf ace- temperature rise of 60° to 70° F when the surface temperature of 
the inlet guide vane was made as uniform as possible by adjusting the 
power input to each heater circuit. ' . 
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In order to determine the minimum continuous power for ice pre- 
vention on the vanes at a given icing condition, power inputs to the 
individual heaters were progressively reduced •until a minimum surface 
temperature of 32° F was reached with as uniform a chordwise surface- 
temperature distribution as possible. The icing conditions for these 
studies included a measured liquid- water content of 0.30 to 0.85 gram 
per cubic meter and a mean effective droplet diameter of 12 to 
15 microns j the ambient-air temperature ranged from -35° to 17° F. 
Data recorded for the continuous heating studies were similar to the 
dry-air investigations with the addition of the icing condition data. 

The investigations of cyclical de-icing power requirements for 
electrically heated inlet guide vanes were of an exploratory nature 
with most of the data obtained at an air velocity of about 392 feet 
per second. One set of data was obtained at 250 feet per second. 

The icing conditions for these studies were similar to those for the 
continuous heating studies. The minimum power required for cyclical 
de-icing was also established by the method used for continuous heat- 
, ing with the additional condition that all ice formations had to be 
removed at the end of the heat-on time. The heat-on and cycle times 
investigated were: 


Time 

Cycle ratio 

Heat-on 

(sec) 

Heat- off 
(sec) 

Total cycle 
(sec) 

10 ' 

60 

70 

1:7 

10 

120 

130 

1:13 

20 

60 

80 

1:4 

20 

120 

140 

1:7- 

30 

60 

90 

1:3 

30 

120 

150 

1:5 


The cycle ratio is defined as the ratio of the heat-on time to the 
total cycle time. Data recorded were similar to those for contin- 
uous heating. 


> BESULTS AND DISCUSSION 

The datum surface temperatures measured by the vane thermocouples 
approximated the datum air temperature measured by the. shielded thermo- 
couples mounted above the housing. Similar shielded thermocouples had 
been calibrated and possessed temperature-recovery factors of 0.83 to 



NACA EM E50H29 


7 


0.87, which varied directly as a function of increasing air-stream 
Mach number in the range of velocities investigated herein. An average 
uniform temperature rise over the vane surface of 85 percent of the 
full adiabatic temperature rise was therefore assumed for all calcula- 
tions. Temperature-rise data are presented in terms of the vane- 
surface datum temperature, which is defined as the sum of the ambient- 
air temperature and the average adiabatic temperature rise on the vane 
surface. For dry-air conditions, a value of 0.24 was used for c p 
in the adiabatic temperature-rise calculations; whereas in wet-air or 
icing conditions, a value of c p ^ v that varied with pressure altitude 
and' air temperature was used. 

In order to correlate experimental data with theoretical calcu- 
lations, determination of the pressure distribution over the vane was 
necessary. A typical pressure distribution in terms of S plotted 
as a function of s is shown in figure 3. The data shown are for 
air velocities of 261 and 420 feet per second. 

Heat losses caused by end effects were neglected throughout the 

investigation because the vanes were insulated from the housing# 


Continuous Heating of Inlet Guide Vanes 

Dry-air heat-transfer evaluation . - Experimental studies were 
made at several ambient-air temperatures to determine the average 
dry-air convective heat -transfer coefficient from the vane to the 
surrounding air. Because the heat flow' paths from the first and 
fourth heaters are relatively long, the power inputs to the first 
and fourth heater circuits were necessarily high; consequently, the 
surface- temperature distributions (fig. 4) are nonuniform especially 
near the trailing edge. Experimental results indicated that for 
, temperature-rise values of 60° to 70° F, temperature variations from 
the average values of about *8° F were obtained. The typical tem- 
perature distributions over the vane surface, shown in figure 4 as a 
function of surface distance, were obtained at air velocities of 
292 and 457 feet per second. ' 

The temperatures along the convex surface of the vane, as indi- 
cated by dashed lines, were estimated from temperature s on the concave 
surface by assuming one-dimensional heat flow. This assumption also 
applies to all subsequent surface- temperature data presented herein. 
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The average experimental convective heat-transfer coefficient was 
calculated from power input, vane- surface area, and temperature rise 
as follows: 

. P 

X1 exp,av - o.00203Mt 

The value of At is defined as t s ^ av -ta. For the surface- temperature 
distribution and conditions given' in figure 4, the hezp^av value at 
292 feet per second was 46.4 Btu per (hr)(sq ft)(°F) and at 457 feet per 
second was 69.5 Btu per (hr)(sq ft)(°F). 

Because the vane material used in this investigation was a good 
conductor, obtaining point convective beat-transfer coefficients experi- 
mentally was impossible; consequently only average values were obtained. 
An analysis was therefore undertaken to obtain a more comprehensive 
understanding of convective heat transfer from the vane in dry air. By 
means of theoretical heat-transfer equations for a cylinder and a flat 
plate (reference 1) and by assuming boundary- layer conditions for the 
vane, theoretical point convective heat- transfer values were calculated. 
The pressure-distribution curve, obtained from unpublished data at the 
Lewis laboratory and given in figure 3, was used to determine local 
velocities over the vane. The temperature-distribution curves from 
figure 4 were used in the determination of the point heat-transfer 
values. The flow conditions assumed over the vane were: The leading- 

edge convective heat-transfer coefficients were the same as for a 
cylinder of 0.125-inch diameter; the concave surface of the vane was 
considered to have a laminar boundary layer; and the convex surface was 
assumed to have a laminar boundary layer to the point of minimum pres- 
sure and a turbulent boundary layer thereafter. The resulting 'Curves 
of the convective heat-transfer coefficients as a function of surface 
distance are shown in figure 5 . By an integration of the area under 
the curves, average convective heat- transfer coefficients of 50.0 and 
68.4 Btu per (hr)(sq ft)(°F) were obtained for air velocities of 292 
and 457 feet per second, respectively. The calculated average values 
of heat- transfer coefficients are in close agreement with those experi- 
mentally obtained and indicate that the assumptions made for the 
analysis were substantially correct. Further mo.dif ication of the 
assumptions to obtain more accurate values appears to be unwarranted 
because the heat-transfer coefficients in the region where transition 
from a laminar to, a turbulent boundary layer occurs cannot be satis- 
factorily evaluated. 

Wet -air heat- transfer evaluation . - In order to obtain an under- 
standing of the heat-transfer mechanism for icing conditions, an 
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analysis vas made to determine the vet-air heat-transfer coefficients 
hX+M in terms of local power densities. The analysis used to obtain 
these coefficients makes use of, the vet-air analysis presented in 
reference 2. 

Calculation of the vet-air heat- transfer coefficients required 
determining the local rate of vater impingement on the vane surface. 
Because neither theoretical nor experimental data are available on 
vater- impingement rates for inlet guide vanes, the following procedure 
was used to obtain approximate local values of M. The local water- 
impingement efficiency p vas determined by assuming that the vater - 
droplet trajectories vere straight-line paths as shown in figure 6(a). 
The local impingement rate at any point on the vane surface is there- 
fore the ratio of the area contained between adjacent droplet trajec- 
tories dy ahead of the vane to the vane surface contained within 
these trajectories ds. The distribution of p over the blade surface 
is shown in figure 6(b) as a function of surface distance. This vater 
interception by the vane vas based on a water-collection efficiency Em 
of 100 percent. Because water droplets do deviate from the air stream- 
lines as a result of the momentum difference between the droplets and 
the air, Em is less than 100 percent. On the basis of vater trajec- 
tory studies reported in reference 3, calculations vere made of the 
collection efficiency for ribbons approximatimg the projected frontal 
area and the plan form of the vane. For the air velocities and droplet 
size used in the present inlet-guide-vane investigation, the collection 
efficiency of these ribbons vas in the order of 80 percent. This value 
of collection efficiency vas assumed for the inlet guide vane. The 
expression for the vater- Impingement rate therefore is 


_ P%V & m 

4.45 


0.18V a mP 


The heat loss from the inlet guide vane caused by evaporation vas 
calculated using Hardy' s evaporation factor as given in reference 4. 

The full evaporation factor vas used on all surfaces subject to direct 
water impingement as indicated by the p values in figure 6(b). 

Beyond the limit of water impingement on the convex surface, runback 
vas assumed to occur and, based on experimental observations of air- 
foil sections, an average value of 20 percent of the full evaporation 
factor vas assumed. As in the dry-air analysis, the vane-surface tem- 
peratures were maintained as uniform as possible at the minimum total 
pover required to prevent icing. The surface temperatures for two 
typical cases analyzed are shown in figure 7. The icing conditions for 
these temperature distributions were: air velocities of 401 and 261 feet 

per second, ambient-air temperatures of -12° and -5° F, liquid-water 
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contents of 0.58 and 0.62 gram per cubic meter, and average experi- 
mental power densities of 9.3 and 6.4 watts per squa,re inch, respec- 
tively. ' 

The same boundary- layer conditions as for the dry-air analysis 
were initially assumed. Calculations of the local power -density as a 
function of the surface distance were then made (fig. 7) for the icing 
conditions previously stated. Integration of the area under the curves 
shown in figure 7 indicated lower total power inputs for icing protec- 
tion of the vane than were experimentally obtained. The boundary layer 
assumed on the concave surface was therefore changed to include a 
turbulent boundary layer over the rearward portion of the inlet guide 
vane as shown in figure 7. By an adjustment of the amount of vane 
area assumed to be in the turbulent-flow region, the calculated average 
value of power density or average wet-air heat-transfer coefficient 
could be calculated to approach the experimentally obtained average 
value. The validity of the assumption of a partially turbulent boundary 
layer on the concave surface has been substantiated in reference 2 and 
at the Lewis laboratory by unpublished experimental studies of heat 
transfer from an airfoil in icing conditions, which indicate that a 
water film on the surface of an airfoil section causes early transition 
from laminar to turbulent flow. 

As indicated in figure 7, the surface temperatures were consider- 
ably higher than the theoretical minimum of 32° F. A wet-air analysis 
based on assumptions similar to those stated previously with respect 
to impingement, evaporation factor, and boundary-layer considerations . 
indicates that if heaters could be so located as to give a uniform 
surface temperature of 32° F, power savings of about 25 percent over 
the power density values shown in figure 7 could be achieved. 

Minimum power requirements for ice prevention . - The average 
minimum total power required per unit area for ice protection of inlet 
guide vanes is shown in figure 8 as a function of the surface datum 
temperature. The data shown are for air velocities of approximately 
250 «nd 400 feet per second and a measured liquid-water content ranging 
from 0.30 to 0.85 gram per cubic meter. The average poyer density for 
ice protection of inlet guide vanes increases with a decrease in tem- 
perature. Heat- transfer rates and power density values were based on 
the total surface area of the vane rather than the exposed area as a 
matter of convenience because the end effects on the vane were neglected 
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A tabulation of the icing conditions and pertinent power input values 
for the continuous heating used in figure 8 are shown in the following 
table: 


(ft/sec) 

Meas- 
ured m 
(g/cu m) 


ta 

(OF) 

(P/A)av 
(watts/ 
sq in.). 

Total P 
(watts) 

Heater circuit 

1 

2 

3 

4 

(percent total power) 

236 

0.85 ’ 

35.5 

13 

2.9 

91 , 

22.0 

12.1 

14.3 

51.6 

380 

.67 

37.0 

10 

4.0 

124 

29.8 

7.2 

7.3 

55.7 

261 

.80 

40.0 

-5 

6.4 

199 

23.6 

8.5 

7.5 

60.4 

263 

.49 

39.0 

-5 

5.9 

183 

27.8 

6.0 

4.. 9 

61.3 

401 

.58 

41.0 

-12 

9.3 

287 

24.7 

9.8 

12.1 

53.4 

398 

.30 

41.0 

-12 

8.8 

272 

25.4 

12.1 

9.5 

53.0 

400 

.44 

46.0 

-35 

13.7 

424 

26.4 

10.8 

12.0 

50.8 , 

240 

(a) 

41.0 

-24 

9.7 

301 

28.5 

7.3 

7.6 

56.6 

383 

(a) 

35.5 

' 17 

3.9 

122 

35.3 

7.4 

0 

57.2 


a No measurements made. 


Typical inlet- guide- vane surface-temperature distributions with con- 
tinuous heating in an icing condition are shown in figure 9 for surface 
datum temperatures of 17.5°, -4.5°, and -28° F and an air velocity of 
approximately 400 feet per second. These temperature distributions 
indicate that a higher average surface temperature was required to main- 
tain the leading and trailing edges; above freezing at low air tempera- 
tures than at higher air temperatures. Curves of the variation in the 
required average surface temperature with surface datum temperature and 
air velocity are shown' in figure 10. From these curves, estimation of 
the required average surface temperature for ice protection for condi- 
tions other than presented herein is possible; these curves, however, 
apply only to the heating elements and spacing used in this investi- 
gation. 

Although various power input patterns were investigated, no better 
power input distribution to the heating elements could be obtained than 
that shown in figure 11 in which the power to each circuit is presented 
in percent of total power. Because the trailing edge is effectively a 
fin, the fourth heater must have a relatively high temperature in order 
to maintain a 32° F temperature at the trailing edge. Approximately 
twice as much power is required by the trailing-edge heater than the 
leading edge where the heater is much closer to the region requiring 
heat. 
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Comparison of experimentally and analytically determined minimum 
power requirements for ice prevention . - An analytical method by which" 
the heating requirements for ice protection of inlet guide vanes can 
be calculated for vanes and conditions other than those studied herein 
is presented in the appendix. Although the method has limitations, 
most operating conditions for inlet guide vanes can be closely calcu- 
lated. The analysis shows that the experimentally obtained average 
effective wet-air heat-transfer coefficient can be expressed in terms 
of the average theoretical turbulent-flow convective heat- transfer 
coefficient, the full evaporation factor, the rate of water impinge- 
ment, and a modifying factor. The average power density required for 
ice prevention can therefore be expressed as 


(j) - 0.00203(0.62h turb X+M) av (t s -t d ) 


where 0.62 is the modifying factor. A series of (0.62h^ ur t,X+M) av 
curves for several liquid-water contents together with the data points 
given in the preceding table are shown in figure 12 as a function of 
the correlation parameter Z developed in the appendix. The correla- 
tion parameter Z is shown to be a function of engine mass flow, vane 
size, ambient pressure and temperature ahead of the vanes, vane-surface 
temperature, and liquid-water content. With a practical installation, 
a uniform vane-surface temperature may not be attained; consequently 
the term t s in the preceding equation may be, written t s ^ av . The 
good agreement between the calculated curves and the experimental data 
points is evident (fig. 12). Because, the evaluation of the average 
theoretical wet-air heat-transfer coefficient is valid for a large 
range of operational variables (see appendix), the experimental results 
obtained herein can be extended to similar guide vanes of different 
size in other icing conditions. The value of 0.62 for the modifying 
factor, however, is valid only for vanes having impingement, evapora- 
tion, and vane characteristics similar to those investigated. 


Cyclical De-Icing of Inlet Guide Vanes 

In any application of cyclical de-icing to inlet guide vanes the 
vanes are heated successively in groups and a large instantaneous 
power input is required to raise the vane- surface temperature to 32° P 
during a relatively short heat-on period. An average power requirement 
can be obtained by dividing the instantaneous power by the total cycle 
time. By proper cycle timing and grouping of vanes, the product of the 
average power and the number of vanes in a group is equal to the instan- 
taneous power for a single vane. The total power expended for cyclical 
de-icing is determined by the product of the instantaneous power per 
vane and the number of vanes heated during the heat-on period. The 
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following sections of this report contain the results of a study of the 
temperature-rise rate and power input required for cyclical de-icing of 
inlet guide vanes under several icing conditions. 

Temperature- rise rate . - Variations of vane- surface temperature at 
the leading and trailing edges for various heat-on periods with time 
are shown in figure 13. These data were obtained in an icing condition 
with an air velocity of about 392 feet per second, a liquid-water con- 
tent of approximately 0.6 gram per cubic foot, and an ambient-air tem- 
perature of -11° F. For a given instantaneous power input to a heated 
inlet guide vane, the temperature of the blade first rises rapidly and 
then gradually levels out at the maximum temperature obtainable with 
the power applied. In cyclical de-icing, the power cut-off for a 
10- second heat-on time occurs before the knee of the temperature-rise- 
rate curve is reached as indicated in figure 13. For a long heat-on 
time, 30 seconds, the power cut-off occurs well past the knee of the 
temperature-rise rate (fig. 13). In terms of power input, this tem- 
perature characteristic means that large instantaneous power inputs 
are required for short heat-on periods because the initial temperature- 
rise rate must be large to reach a specified temperature. For longer 
heat-on periods, the temperature-rise rate can be reduced (fig. 13) 
and thereby effect a reduction in instantaneous power input. If the 
heat- on period is sufficiently long, the continuous heating power 
requirements, are approached. A long heat-on period, however, decreases 
the cycle ratio, thereby increasing the total power requirements con- 
siderably over those required for a short heat-on period (large cycle 
ratio). 

If ice removal occurs on the vane before the power cut-off, the 
local surface temperature increases (fig. 13(a)). A rapid decrease 
in temperature occurs whenever partly melted ice formations from an 
upstream part of the vane pass over a previously de-iced section of 
the vane (fig. 13(a), 30-second heat-on period). In order to obtain 
a more complete understanding of the mechanics of ice removal, 
temperature-rise data were obtained at several chordwise stations 
including the leading and trailing edges (fig. 14). Complete de-icing 
of the vane was accomplished after 16 seconds of heating. The icing 
conditions for these data were similar to those described for figure 13. 
The power input to the vane was purposely made high to obtain a record 
of the temperature rise for the period just prior to ice removal and 
the consequent temperature rise after ice .removal. Time, increments 
during which the temperature on the vane surface remained constant 
near 32° F (stations 1.25, 1.40, 1.70, and 2.42, fig. 14) indicate 
the melting of ice or the passage of a formation of ice and water from 
an upstream portion of the vane. 
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Typical heating and cooling curves at an ambient-air temperature 
of 11° F are shown in figure 15 for an air velocity of 383 feet per 
second and a liquid-water content of about 0.8 gram per cubic meter. 

As shown in this figure, a high ambient-air temperature causes a con- 
siderable lag in the vane cooling rate after ice removal. Freezing 
of the impinging water on the vane is shown by the relatively constant 
temperature for the initial 5 seconds of the cooling period. The con- 
stant temperature is caused by heat storage in the vane from the heat- 
ing cycle and the release of the latent heat from the water freezing 
on the vane surface. These effects were not observed at lower ambient- 
air temperatures because the large temperature differential between the 
surface and the ambient air caused a rapid dissipation of the latent 
heat released from the impinging water. 

Power input for cyclical de-icing . - The experimental data showed 
that the power input per heating circuit with cyclical de-icing was 
only slightly higher than the power used with continuous heating except 
near the leading edge. As a basis for comparison, the ratio of power 
inputs to leading-edge heaters for cyclical de-icing and for continuous 
heating is plotted in figure 16 as a function of the heat-on period. 

As the heat-on period was increased and the power input reduced, the 
power of the leading- edge heater approached the power required for con- 
tinuous heating. For short heat-on periods, the power input ratio of 
the leading-edge heater increased rapidly $tnd reached a value of about 
2.5 for a heat-on period of 10 seconds. For shorter heat-on periods, 
the power input to the leading- edge heater rapidly approaches the burn- 
out limit of the heating element. 

The bar graph in figure 17 illustrates the percent of total power 
input to each heater circuit for continuous and cyclical de-icing. The 
ratio of the leading- to trailing-edge power input for cyclical de-icing 
is appr oxima tely unity, whereas for continuous heating the ratio ap- 
proached a value of 2.0. In the evaluation of figure 17, the total 
power input per vane is higher for cyclical de-icing than for continuous 
heating. 

The instantaneous power density in watts per square inch required 
for cyclical de-icing is shown in figure 18 as .a function of vane- 
surface datum temperature for various cycle times, air velocities of 
240 and 390 feet per second, and liquid-water content ranging from 
0.3 to 0.8 gram per cubic meter. The relation between the power density 

surface datum temperature is approximately linear for each heat-on 
period investigated. Although the data are limited, the effect of air 
velocity on the power input required for cyclical de-icing appears to 
be of secondary importance. The insulation effects or heat capacity of 
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the ice formation, however, are of primary importance and heat con- 
duction rather than heat convection must be considered for cyclical 
de-icing. In the results presented herein, evaluating the effect 
of altitude on the cyclical de-icing performance of the vane was not 
possible. It can be surmized, however, that, as the altitude increases 
and the air forces tending to shed the ice during the heat-on period 
are decreased, more heat than indicated in figure 18 will be required 
to provide a greater water film under the ice cap to facilitate ice 
removal. 

A comparison of figures 8 and 18 shows that as the surface datum 
temperature decreases, the ratio of the average power densities between 
cyclical de-icing and continuous heating required for ice protection 
increases. This increase is caused by the evaporation factor X, 
which influences heating requirements much more during cont inu ous heat- 
ing than during cyclical de-icing. 

From the curves presented in figures 13 to 18, determination of' 
total power requirements and of power inputs to each heater circuit 
for cycle times and for icing conditions other than those studied 
herein is possible. 

Practical aspects of cyclical heating . - The selection of a heat- 
ing cycle for a particular engine depends on the following: the total 

number of inlet guide vanes to be heated at any one time, the design 
icing condition, and the total instantaneous power available for 
•de-icing. . The instantaneous power allowable per vane is determined . 
by the temperature limits of the heating elements. Destruction tests 
of the heating elements similar to those used in this investigation 
showed a maximum power input of 40 watts per linear inch with nominal 
metal temperatures could be attained. For design purposes, a value 
of not more than 25 to 30 watts per linear inch should be used. 

Inappreciable differences in power requirements for cyclical 
de-icing were observed for a change in heat-off periods under similar 
heat-on periods and icing conditions. It can be assumed therefore 
that the differences in the magnitude of ice formations occurring in 
60 and 120 seconds of icing with the water contents used in the inves- 
tigation do not seriously affect the heat requirements for cyclical 
de-icing. The magnitude of the ice formations must, however, be con- 
sidered because of mass flow and pressure losses associated with 
various icing periods. ' 
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The rate at which the ram pressure decreases with time in an icing 
condition is shown in figure 19. These data are reported in refer- 
ence 5 and were obtained at air velocities of 260 and 420 feet per sec- 
ond, liquid- water contents of 0.6 to 0.8 gram per cubic meter, and 
ambient-air temperatures of -3° to 18° F. The data indicate that at 
the higher ambient-air temperatures the rate of pressure loss is con- 
siderably greater than at the lower ambient-air temperatures. With 
respect to cyclical de-icing, a short heat-off period of about 60 sec- 
onds therefore appears to be more desirable than longer periods in 
the order of 120 seconds. Photographs of typical ice formations on an 
inlet guide vane are shown in figure 20 for an air velocity of 400 feet- 
per second. The icing conditions for the ice formations shown in these 
photographs were a liquid- water content ranging from 0.4 to 0.85 gram 
per cubic meter with ambient-air temperatures ranging from -31° to 
10° F. The large ice formations on the leading and trailing edges for 
the 120- second icing period were similar to those causing the large 
pressure losses shown in figure 19. These losses were primarily 
caused by the reduction in the free flow area by the ice formations 
between adjacent vanes. 

For a given power input per vane and heat-on period but varying 
heat-off periods, the greatest power saving is accomplished with the 
longest heat-off period because the least number of vanes are heated 
at any one instant. As ah illustrative example, a hypothetical engine 
is assumed to have 28 vanes of the size and type investigated herein. 
Because fractional parts of a vane cannot be heated, the number of 
blades heated at any one time is a number .divisible into 28, such as 
1, 2, 4, 7, 14, or 28. The first and the last two numbers are ruled 
out on the basis of too long a heat-off period and too short a heat- 
off period, respectively. If four vanes are to be heated (1:7 cycle 
ratio), a 20 - 120 second or a 10 - 60 second cycle may be used. If 
7 vanes are to be heated at a given instant, a 20 - 60 second cycle 
may be used. The three cycles that can be used are shown in figure 21 
wherein the ratio of total cycle period to heat-on period is plotted 
as a function of total power required for cyclical de-icing of the 
heated vanes. The icing conditions assumed for these cycle periods 
.were liquid-water content of 0.6 gram per cubic meter, air velocity of 
400 feet per second, and ambient-air temperature of -11° F. Also 
given in figure 21 is the power required for continuous heating at a 
cycle ratio 1:1 (7800 watts or 9.0 watts per square inch). For a 
20- second heat- on period and an instantaneous power input of 330 watts 
per vane, the calculations indicate that a total power of 1320 watts 
is required for a heat-off period of 120 seconds and 2310 watts is * 
required. for a heat-off period of 60 seconds. For similar cycle 
ratios (1:7) in which a 20 - 120 second and 10 - 60 second cycle are 
used, the 20 - 120 second cycle provided only a small saving in total 
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power. Although the 10 - 60 cycle requires a greater instantaneous 
power input per vane (412 watts), the total power used was only 
1650 watts or 25 percent greater than the total power required for 
the 20 - 120 second cycle. The utilization of a 10 - 60 second cycle 
for the icing conditions given in figure 21 will achieve a reduction 
of 79 percent in the total power required for ice protection with 
continuous heating. The saving of power for the 20 - 120 second cycle 
is exceeded by the loss in pressure that would be obtained at higher 
ambient-air temperatures as illustrated in figure 19. From a consider- 
ation of pressure and mass-flow losses that might be incurred, the 
10 - 60 second cycle appears to hold the greatest advantages for the 
hypothetical engine configuration. A shorter heat-on period will 
provide a more efficient use of the power input; the burnout limit 
of the heater, however, will limit the heat-on time as previously 
stated. 


CONCLUDING REMARKS 

Although the compressor blading on current axial-flow turbojet 
engines is subject to icing primarily on the leading edges, the use 
of larger inlet guide vanes and consequently larger spacing between 
vanes may affect compressor-blade icing characteristics. The possi- 
bility exists that larger vane spacing will result in ice accretions 
on the concave surface of the first-stage rotor and stator blades. 
Should these ice accretions prove sufficiently severe to affect engine 
performance, these engine components must also be protected. The 
analysis presented herein for minimum power requirements with continu- 
ous heating of inlet guide vanes may be applied to the compressor 
blading. 

The use of materials other than aluminum for inlet guide vanes 
will in all probability necessitate an increase in the average surface 
temperature and power input required for ice protection if heating 
elements are used similar to those in the present study. Because the 
leading and trailing edges are heated by conduction from the nearest 
heating elements, the use of lower conductivity metals will require 
larger power inputs to these heaters and will result in a greater heat 
dissipation at the center portions of the vane. Relocation of heating 
elements at the leading and trailing edges should reduce the power 
required for icing protection even if the metal used has low conduc- 
tivity properties. It is therefore recommended that heating elements, 
regardless of the type used, should be located close to the leading and 
trailing edges provided that such heater installations do not adversely 
affect the aerodynamic characteristics of the vanes. 
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SUMMARY OF RESULTS 

From a study of the electric power requirements necessary for ice 
protection of inlet guide vanes by continuous heating and by cyclical 
de-icing, the following results were obtained: 

1. The average power requirement per inlet guide vane per cycle is 

in the order of 79 percent less than that required for continuous heat-, 
ing under the same conditions: namely, air velocity ahead of the vane, 

400 feet per second; ambient-air temperature, -11° F; liquid-water 
content, approximately 0.6 gram per cubic meter; heat-on time, 10 sec- 
onds; and cycle ratio 1:7. 

2. Cycle periods of 10 or less seconds heat-on and 60 seconds 
heat-off result in the best over-all performance with respect to total 
power input required for icing protection and. aerodynamic losses during 
the heat- off period. 

3. For conditions similar to those given in the first result, the 
electric power requirements for a hypothetical engine utilizing con- 
tinuous heating for the 28 inlet guide vanes with a total vane area of 
865 square inches was 7800 watts (9.0 watts/sq in*), whereas under 

the same conditions cyclical de-icing required only 1650 watts. Because 
a uniform surface temperature could not be fully attained on the inlet 
guide vane investigated, the continuous requirement is approximately 
25 percent higher than would be required for a uniform surface tempera- 
ture of 32° F. ’ 

4. A parameter was developed in terms of the engine mass flow, 
vane size, ambient pressure and temperature ahead of the inlet guide 
vanes, surface temperature, and liquid-water content that permits a 
determination of power requirements for ice prevention beyond the 
limits of the experimental studies . The experimental values of power 
required for ice prevention of inlet guide vanes coincide closely with 
values calculated using this parameter. 


Lewis Flight Propulsion Laboratory, 

National Advisory Committee for Aeronautics, 
Cleveland, Ohio. 
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APPENDIX - APPLICATION OF RESULTS TO OTHER VANES AND ICING CONDITIONS 

Because the experimental data presented herein covers only a 
limited range of operating conditions and a single vane size, extension 
of the experimental results hy analytical means is desirable; In a 
dry-air condition, the heat transfer from a surface can readily he 
expressed by the equations given in reference 2 for laminar or turbu- 
lent boundary- layer conditions. It remains, however, to determine 
whether the wet-air heat-transfer coefficient (hX+M) can be expressed 
by a parameter as a single curve. Previous wet-air analyses (refer- 
ence 2) as well as the studies reported herein indicate that much of 
the heat transfer from a heated surface in the presence of a water 
film or water runback on the surface occurs under transition and tur- 
bulent boundary- layer conditions. An analysis was therefore undertaken 
to evaluate the average heat- transfer coefficient from a heated inlet 
guide vane for which average values of h^ url) , X, and M were cal- 
culated and a parameter was developed to correlate these values on a 
single curve. 


The variables considered for this analysis were ambient-air pres- 
sure, ambient-air temperature, air velocity, vane-surface temperature, 
vane size, and liquid- water content. The air- stream conditions were 
obtained for a station just ahead of the inlet guide vanes and were not 
necessarily ambient conditions . The equation used to obtain average 
values for turbulent convective heat- transfer coefficient (reference 1) 
can be expressed as 


- 0.64(T f ) 9 ' 3 


( 1 ) 


In order to account for the loss in heat, by evaporation, Hardy's evap- 
oration factor X (reference 4) was used in the following form: 


X = 1 + 


0.622L j p v,s~ p v,d 
c p^ p a,st l t s" t d 


( 2 ) 


The rate of water impingement is 



pE M V a m 

4.45 


(3) 


The ranges of the various variables investigated were as follows: 5, 

0.2 to 1.0; T a , 440° and 480° K; V^ av , 200 to 600 feet per second; 
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8, 0.1 to 0.4 feet; t s , 35° to 100° F; and m, 0 and 1.15 grams 
per cubic meter. A plot of the values of the average wet-air heat- 
transfer coefficient (kt U rb x+M ) a v for the range of variables listed 

against wVj >aV on logarithmic coordinates results in a series of 
parallel straight lines (fig. 22(a)). The calculated points are 
based on constant air and surface temperatures. Similar curves are 
obtained for each air and surface temperature considered. The effect 
of vane size, as represented by the average surface distance s, was 
determined by plotting values of (bturb x + M )av for constant values of 
6, wVj aT , and t g against s. It was determined that (h(. ur ^X+M) av 

varied as s -0,2 . In figure 22(b), the wet-air heat-transfer coeffi- 
cient is plotted as a function of wV^ av / s 0.2 for two absolute 

ambient-air temperatures, three 6 values, and a uniform surface tem- 
perature. The next step in the analysis was to determine the varia- 
tion of (^turb^ + ^) a v witl1 absolute ambient-air temperature T a . When 

( h turb x+M )av is plotted against T a at constant values of 
WV Z av / s 0.2, 6, and t g , the data fall along approximately parallel 

lines having a slope of 3. For convenience of calculation, (T a /l00) 3 
is used in place of T a 3 in correlating data points at different 
ambient-air temperatures. A typical plot of (h turl;i X+M) av is shown 
in figure 22(c) as a function of (wV^ ^ av / s 0.2) (T a /l00) 3 for a surface 
temperature of 40° F. In a similar manner, (h^ ur ^X+M) av is found to 

vary as the -0.61 to -0.65 power of 6 and the -0.63 power is used in 
the parameter being developed. Thus far, (hturb^ + ^av correlates to 
a single curve when plotted against the parameter 

(wVj av / s 0.2)(T a /l00) 3 (l/8 0,63 ) at uniform surface temperatures t g . 

Figure 22(d) is a typical plot for a surface temperature of 40° F. 
Similar curves were developed for surface temperatures of 35° and 45° F. 
Check points were also calculated for surface temperatures of 70° and 
100° F . The variation of surface temperature with the parameter shown 
in figure 22(d) was determined to be a straight line relation when 
plotted on a semilogarithmic scale. The equation of this curve was 

found to be a function of (3.2)1°°. The final correlation parameter Z 
was determined as 



( 4 ) 
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and is shown plotted as a function of (h turb X+M) av in figure 22(e). 

Limitations to the correlation parameter are as follows: At surface 

temperatures of 100° F, the parameter is valid only at 5 values near 
1.0; and at surface temperatures of 70° F, the limiting 6 value is 
approximately 0.4. These limiting values are necessary because of the 
rapid increase in vapor pressure and the evaporation factor X for a 
combination of high surface temperatures and high altitudes. At sur- 
face temperatures of 30° to 50° F, the parameter is valid for 6 
values as low as 0.2. Because of the water- impingement characteristics 
on the vane assumed in the analysis, the average wet-air heat- tr an sfer 
coefficient is conveniently expressed in the form of (hturb^av 

(fig. 22(f)), to which the rate of water impingement M can then be 
added for the particular vane and icing condition under consideration. 
The scatter of the points shown in figures 22(e) and 22(f) are in the 
order of ±5 ‘percent. The equation for the upper curve in figure 22(f) 
can be expressed as 


(h turb X) av « 0.000554(Z) 0 - 88 (5) 

where Z is the correlation parameter. It has therefore been demon- 
strated that for the usual range of icing and operating conditions for 
inlet guide vanes, average wet-air heat- transfer coefficient can be 
correlated on a single curve, with a constant liquid- water content. 

The wet-air analysis, previously discussed in the text, indicated 
that the inlet guide vanes studied did not operate with a fully tur- 
bulent boundary layer nor did a portion of the surface experience the 
effect of the full evaporation factor X. The values of (h^^hX+M)^ 

given in figures 22(e) and 22(f) as a function of Z must therefore be 
modified to apply to a practical operating condition. An analysis of 
the experimental data indicates that a series of curves can be cal- 
culated by multiplying (h turb X) av by 0.62 and adding M, which cor- 
responds to a given water content, from equation (3); this series of 
curves closely correlates the calculated average wet-air heat-transfer 
coefficient with experimental data. The term (0.62h turb X) av can also 

be expressed as 0.000343 (z) * . These values will be obtained only if 

the impingement, evaporation, and vane characteristics are similar to 
those studied. For example, because hot- gas -heated inlet guide vanes 
have high surface temperatures, the impinged water may evaporate before 
it reaches the trailing edge and leave part of the surface completely 
dry; in this case, the modifying factor is less than 0.62, varying with 
the amount of completely dry surface. For cases in which E M / 0.8, the 
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term (0.62h tur - b X) av still applies as a base and curves for various 

water contents can be obtained by evaluating new M values and adding 
these values to (0.62h turb X) av or to the 0. 000343 (Z) 0 - 88 value. If 

the average local velocity over both sides of the vane approaches that 
of the free- stream velocity, as was the case in the present investiga- 
tion where Vj av = 1.041V a , wV^av ^ 136 written as k* w/A. The 

value of k' is the velocity ratio >av A a and w/a is the ®ass 

flow per unit area through the cascade. In the mass flow form, the 
correlation parameter Z is more convenient to the designers of 
turbojet-engine ice-prevention systems in that the mass flow of the 
engine is known, but the velocity ahead of the guide vanes may not be 
readily obtainable. From the average effective wet-air heat-transfer 
coefficient, the average power required for ice prevention for any 
icing condition is then obtained from the following equation: 

6. - <°- 62 W +M >av - [°-000343(Z) 0-88 ♦ M a J (6) 
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Figure 1. - Inlet-guide-vane installation in icing research tunnel 
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Figure 3. - Variation of static-pressure coefficient with 
inlet-guide-vane surface distance. 
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(b) Air velocity, 457 feet per second; ambient-air 
temperature, 50° F; power input,, 265 watts. 

Figure 4. - Typical vane-surface-temperature distribution 
in dry air with continuous heating as function of .inlet- 
guide-vane surface distance. 
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Surface distance, s, in. 

Convex surface Concave surface 

Figure 5. - Calculated convective heat-transfer coefficient 
in dry air with continuous heating as function of' inlet- 
guide-vane surface distance. 
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(b ) Air velocity, 261 feet per second; ambient-air temperature, -5° F. 


Figure 7, — Typical wet-air analysis of local power density over inlet- 
guide-vane surface. Liquid-water content, approximately 0.6 gram 
per cubic meter. 
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-30 -20 -10 0 10 20 , 30 

Surface datum temperature, t^, °P 


Figure 8. - Minimum power requirements for ice prevention with 
continuous heating as function of inlet-guide-vane surface 
datum temperature* Liquid-water content , 0.30 to 0.85 gram 
per cubic meter. 
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Leading edge 


(a) Ambient-air temperature, 17.5 F 



Ambient-air temperature, -4.5° F« 



Surface distance, s, in. 


Convex surface 


Concave surface 


(c) Ambient-air temperature, -28° F* 

Figure 9. - Variation of surface-temperature distribution with 
continuous heating as function of inlet-guide-vane surface 
distance for several surface datum temperatures. Air veloc- 
ity, 400 feet per second; liquid-water content, 0.4 to 
0*7 gram per cubic meter. 
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Figure 10. - Variation of average surface 
temperature for continuous heating with 
inlet-guide-vane surface -datum 
temperature. Liquid -water content, 

0.30 to 0.85 gram per cubic meter. 


Figure 11. - Minimum average 
total power per heater for 
icing protection with 
continuous heating. 



Average effective wet-air heat-transfer coefficient. 
(°*62h turb X+M) av = o.00203A(t s — td ) * (sq ft)(°P) 
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Correlation parameter, Z 



Figure 12. - Correlation o‘f average experimental wet- 
air heat-transfer coefficients with theoretical 
values. , 
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(b) Heat-off period, 120 seconds* 

Figure 13. - Typical surf ace-temperature -rise curves at leading and trailing edges for 
various heat-on periods as function of time* Air velocity, approximately 392 feet 
per second; ambient-air temperature, -11^ F; liquid-water content, approximately 
0.6 gram per cubic meter.* 
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Time, sec 

Figure 15. - Typical variation of vane-surface 


temperature rise with time at ambient-air 



Figure 16. - Ratio of power inputs at leading edge 
required for cyclical de-icing and for continuous 
heating as function of heat-on period. Air veloc- 
ity, approximately 400 feet per second; liquid- 
water content, approximately 0.6 to 0.8 gram per 
cubic meter. 
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Figure 17. - Comparison of typical power input to 
individual heaters required for ice protection 
by cyclical de-icing with 10-second heat-on 
period and by continuous heating. 
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Surface datum temperature, t(j, °F 

Figure 18. - Evaluation of average instantaneous power density 
required for ice protection using cyclical de-icing as 
function of surface datum temperature. Liquid-water content 
0.5 to 0.8 gram per cubic meter; heat-off periods, 60 to 120 
seconds. 
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Figure 19. - Effect of ice formations' on aerodynamic character-, 
istics of typical inlet guide vanes. Liquid-water content, 
0.6 to 0.8 gram per cubic meter. 
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120-second Icing period 60- second Icing period 

(a) Ambient-air temperature, 10° F; liquid-water content, 
approximately 0.8 gram per cubic meter. 



120-second icing period 60-second icing period' 

(b) Ambient-air temperature, -10° F; liquid-water content 
approximately 0.6 gram per cubic meter. 



60-second icing period 


(c) Ambient-air temperature, -31° F; liquid-water content, 
annroximatel v 0.4 cram ner cubic meter. 


Figure 20. - Typical ice formations on inlet guide vane for various icing conditions. 
Air velocity, approximately 400 feet per second. 
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power requirement 
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Figure 21# - Total power requirements as 
function of cycle ratio for cyclical de- 
icing of hypothetical turbojet engine con- 
taining 28 double-size inlet guide vanes. 
Air velocity, 400 feet per second; liquid- 
water content, approximately 0.6 gram per 
cubic meter; ambient-air temperature, -11° 
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(a) Correlation of (hturb^^av with wV|, >av . Liquid-water con 
tent, 1# 15 grams per cubic meter; surf ace 'temperature , 40° P; 

• absolute ambient-air temperature, 480° R« 

Figure 22. - Evaluation of parameter Z for correlating average 
wet-air heat-transfer coefficient (^turb x+M )av and average 
base wet-air heat-transfer coefficient (hturb*)av on indi- 
vidual curves. 
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Figure 22. - Continued. Evaluation of parameter Z for correlating 
average wet-air heat-transfer coefficient (hturb x+M *)av and average 
base wet-air heat-transfer coefficient (^turb x )av on individual 
curves. 
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Figure 22. - Continued. Evaluation of parameter Z for correlating 
average wet-air heat-transfer coefficient (^turb x+M )av and average 
base wet-air heat -transfer coefficient (hturb^av on individual 
curves. 
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Figure 22. - Continued. Evaluation of parameter Z for correlating 
average wet-air heat-transfer coefficient (hturb x +M) a v and average 
base wet-air heat-transfer coefficient (hturb x )av on individual 
curves. 
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Figure 22. - Continued. Evaluation of parameter Z for correlating 
average Wet-air heat -transfer coefficient (hturb x+M )av and average 
base wet-air heat-transfer coefficient (hturb x )av on individual 
curves. 
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(f) Correlation of (kturb x )av with Z. Liquid-water content, 
0 gram per cubic meter; surface temperature, 40° F. 


Figure 22. - Concluded. Evaluation of parameter Z for correlating 
average wet-air heat-transfer coefficient (hturb x + M )av and average 
base wet-air heat-transfer coefficient (hturb x )av on individual 
curves. 
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